Introduction
============

Over the past decade a form of noninvasive brain stimulation, anodal transcranial direct current stimulation (tDCS), has been reported to be effective in treating depression, both alone ([@nsx007-B17]; [@nsx007-B7]; [@nsx007-B32]) and in combination with antidepressant medication ([@nsx007-B10]). Anodal tDCS delivers a weak electric current that modulates cortical excitability, although the precise mechanisms underlying its effects are largely unknown.

Anodal tDCS has been used to directly target one of the most reliably identified neural correlates of depression, dysfunction of the dorsolateral prefrontal cortex (DLPFC) ([@nsx007-B29]). During the resting state, metabolism in the DLPFC has been found to be reduced in depression ([@nsx007-B5], [@nsx007-B6], [@nsx007-B18]); by contrast, task-related functional magnetic resonance imaging (fMRI) studies consistently show exaggerated DLPFC activation, particularly during more challenging cognitive tasks ([@nsx007-B51]). Targeting the DLPFC with tDCS therefore aims to remedy the activity-dependent 'cortical inefficiency' hypothesised to occur in this region ([@nsx007-B37]), with possible downstream effects on dysregulation in other circuits driving biased emotional processing ([@nsx007-B44]). However, despite preliminary findings of antidepressant efficacy ([@nsx007-B45]), there is a dearth of research on the cognitive mechanisms that may drive the beneficial effects of DLPFC tDCS.

Hot and cold cognition in depression
====================================

Among the neural systems implicated in the neurobiology of depression, two networks are thought to play a particularly important role, and have been targeted in the context of novel treatments for depression. The first system is implicated in emotion and reward processing, often termed 'hot' cognition, and includes limbic structures as well as the ventral prefrontal cortex, in particular the subgenual anterior cingulate cortex ([@nsx007-B13]). Disruptions in this system are thought to drive the characteristic depressive bias in 'hot' cognition, away from positive and towards negative information processing ([@nsx007-B8]). The second system is associated particularly with effortful 'cold' (non-emotional) cognitive processing, and includes the dorsal anterior cingulate cortex, the hippocampus, and the DLPFC ([@nsx007-B43]).

If the mechanism driving any antidepressant effects of DLPFC stimulation were similar to that of traditional pharmacological treatments, there might occur an acute effect of tDCS on hot cognition in depression. Although the therapeutic effect of antidepressant drugs typically takes 4-6 weeks, acute doses have been shown to produce positive emotional biases, in both healthy controls ([@nsx007-B19]) and depressed patients ([@nsx007-B20]). These effects are thought to elicit downstream changes, through the relearning of internal models of the environment (schemata), ultimately resulting in symptom remission ([@nsx007-B21]).

Despite the central importance of hot processing in contemporary theories of depression, this area has been almost entirely neglected in tDCS research, with a small number of exceptions. In one study, DLPFC tDCS did not elicit subjective emotional changes, but subtly improved identification of positive emotional expressions in healthy subjects ([@nsx007-B35]); in another, DLPFC tDCS decreased vigilance to threatening stimuli ([@nsx007-B25]), a result akin to the effect of anxiolytic drugs such as diazepam ([@nsx007-B33]). However, in the latter study, tDCS did not affect any other measures of emotional processing in a comprehensive battery of tasks ([@nsx007-B25]).

Another possibility is that DLPFC tDCS exerts an antidepressant effect through mechanisms altogether distinct from those involved in antidepressant drug treatment. Instead, tDCS might only directly affect cold cognitive processing in depression, but this could potentially catalyse the changes in emotional processing that are thought to drive the remission of symptoms ([@nsx007-B44]). Disruptions in cold cognition in depression, which are part of standard diagnostic criteria, typically manifest as impairments in attention, cognitive control, and working memory, and have been hypothesised to be caused by inefficiency in regions such as the DLPFC ([@nsx007-B22]). There is evidence that anodal DLPFC tDCS improves working memory ([@nsx007-B2], [@nsx007-B31]) and cognitive control ([@nsx007-B50]). However, there is also evidence that anodal DLPFC tDCS increases self-reported mind-wandering, as measured using subjective reports of task-unrelated thoughts (e.g., 'what shall I eat for lunch today?'; versus a task-related thought such as 'what is the correct button to press now?'). This is of particular relevance to depression, as a central symptom of depression, rumination, involves fixation on negative thoughts. Depressive thinking is associated with mind-wandering ([@nsx007-B47]), but mind-wandering itself does not decrease mood ([@nsx007-B38]). Instead, distraction has been shown to alleviate depressed mood, potentially through alleviation of rumination ([@nsx007-B36]). If tDCS does indeed increase mind-wandering ([@nsx007-B3], [@nsx007-B28]), this could provide a second possible mechanism for its antidepressant effects: an increase in distractibility.

Drawing on the consistent reports of emotional processing biases in depression, and the evidence that standard antidepressant drugs normalize these, the main aim of this study was to test whether DLPFC tDCS positively biases emotional processing. We used a well-validated task involving the identification of morphed emotional expressions. We hypothesized that if anodal left DLPFC tDCS exerts antidepressant effects through modulating hot cognition, it should elicit a positive bias in emotional face identification, similar to the acute effects of antidepressant drugs. In a subgroup of participants, we also tested a specific hypothesis that tDCS might affect distractibility. To this end, we employed an experimental paradigm that measures the effect of irrelevant distractors on attentional performance ([@nsx007-B15]), which has been shown to correlate with internal distraction from mind-wandering ([@nsx007-B16]), allowing us to use this as an index of individual variability in distractibility.

Materials and methods
=====================

Participants and procedure
--------------------------

Seventy-five healthy participants (40 females; mean age 25.6) were recruited via the online University College London Psychology Subject Pool. Exclusion criteria included any history of seizures, and any known neurological or psychiatric disorders, which were assessed by telephone interview prior to the first testing session. All participants gave written informed consent before proceeding with the first day of the experiment, for which they were randomized to either real or sham stimulation, which was delivered while completing the cognitive tasks. Both experimenter and participant were blind to stimulation condition. Participants attended on a second day, at least 24 hours after the first, on which they received the other stimulation type. Participants were compensated for their time and travel, and the study was approved by the NHS Research Ethics Committee for London Queen Square.

Brain stimulation
-----------------

Anodal transcranial direct current stimulation at 1 mA was generated by a battery-driven stimulator (neuroConn DC-stimulator, Ilmenau, Germany). Sponge coverings were soaked in saline and applied to a pair of 5 x 7 cm electrodes. The anodal electrode was placed over the left DLPFC using the international 10-20 system of electrode placement ([@nsx007-B26]). The reference electrode was placed on the ipsilateral shoulder deltoid muscle, to ensure that the effects on the brain originated from the anodal stimulation alone ([@nsx007-B40], [@nsx007-B53]). Anodal and sham stimulation both used an identical electrode montage with the anodal electrode located at F3 in the 10-20 system, and lasted 20 minutes, but anodal stimulation involved a 5-second ramp-up of stimulation after which the current was delivered continuously, whereas sham stimulation delivered a current for only 40 seconds. Participants were randomized using pre-determined codes to allocate sham versus active stimulation days, with order counterbalanced across participants.

Emotional faces task
--------------------

The Emotion Recognition Task, programmed in E-Prime, is a six-alternative forced-choice paradigm to measure sensitivity to six emotions (happy, sad, fearful, angry, surprised, and disgusted). Each trial begins with a central fixation cross lasting 1500-2500ms and presents a morphed face stimulus for 150ms, followed by a 250ms noise mask, to prevent afterimages ([@nsx007-B4]). Participants are then required to select the emotion best describing the facial stimulus, using the mouse to click on one of the six emotion types displayed on screen (see [Figure 1](#nsx007-F1){ref-type="fig"}). The emotion type options appear for 10 000 ms or until the participant responds. Participants completed the task in an average of 6.65 minutes (SD = 1.18).

![Structure of the emotion identification task. Each trial begins with a fixation cross, followed by a very brief presentation (150 ms) of an emotional face which is replaced by a mask. Participants responded using the mouse to identify the emotion presented.](nsx007f1){#nsx007-F1}

The 350 × 457 pixel face stimuli were created from photographs of 12 young adults photographed under controlled conditions, and merged into composite images depicting each of the six emotions ([@nsx007-B4]). A face depicting a prototypical expression was also constructed, made up of a composite of 6 emotional and one neutral expression ([@nsx007-B4]). This was so the face would appear genuinely emotionally ambiguous, since recent evidence suggests that emotions are coded with reference to a prototype of this nature (rather than a neutral face) ([@nsx007-B46]). A 15-image morph sequence that ran along the continuum from the prototypical face to the full-intensity emotional expression was created for each of the six emotions, with the first image displaying 5% intensity, and the final image displaying 100% intensity. In the task, ninety-six choices were made, sixteen per emotion (half male, half female faces).

One participant experienced inconsistent stimulation on both days due to high electrical impedance which may have occurred due to thick hair ([@nsx007-B23]), and a data saving failure occurred for a second participant (but whose distractibility task data were saved). Both these participants were therefore excluded from all emotion identification data leaving N = 73 in the final analysis.

Distractibility task
--------------------

In a subset of the participants (N = 31) we administered an attentional distraction task in addition to the emotional faces task, which was also programmed in E-Prime ([@nsx007-B15]). For these participants the distractibility task was always administered first during the stimulation session. All stimuli were presented on a laptop screen at a viewing distance of 60cm. Each trial begins with a centrally presented fixation point presented for 500ms, followed by the stimulus, which consists of a 1.6º radius circle of grey letters ('o') presented on a black background. Participants are instructed to search the stimulus display for a target letter (either X or N, presented for 500ms), for which they make a rapid keyboard response (pressing 0 or 2 for X or N, respectively). Participants complete three slow (1000ms) example trials, and 12 fast (500ms) practice trials, before beginning the full version (480 trials). The task lasted an average of 8.19 minutes (SD = 30.6 seconds). An irrelevant distractor (a cartoon character) is presented in the periphery of the screen, outside the letter circle, on 10% of trials (distractor condition). Participants are directed to respond as quickly and accurately as possible, and to focus only on the letter circle, ignoring any stimulus outside the circle (see [Figure 2](#nsx007-F2){ref-type="fig"}). Feedback for errors is provided by a brief tone.

![Structure of the distraction task. Participants are instructed to press 0 for the target letter X, or 2 for the target letter N, as quickly and accurately as possible. The left trial is an example of an irrelevant distractor trial (10% of trials), and the right trial is an example of a typical trial (90% of trials). Note that the specific cartoon shown here is for illustrative purposes only, in order to avoid violating copyright for the images used in the experiment (Spongebob Squarepants, Superman, Spider-Man, Mickey Mouse, Donald Duck, and Pikachu).](nsx007f2){#nsx007-F2}

The main outcome measure on this task contrasts responses on trials where no distractor was presented with those on which the irrelevant distractor was presented ([@nsx007-B15]). In other words, it provides a measure of how distractible a participant is by measuring the degree to which distracting stimuli affect errors and reaction times. This enabled us to test whether (1) anodal tDCS of the DLPFC increased distraction on the task, and (2) whether the effect of tDCS on distraction correlated with any effects of tDCS on emotion identification.

At eight intervals throughout the task, participants were presented with thought probes asking 'What were you thinking about just now?', and instructed to answer whether or not they had experienced task-unrelated thoughts in the trials leading up to the question.

In the thought probes, participants were instructed to report the thought that had been passing through their mind in the moment immediately before the probe appeared. Participants were instructed to press A if they were thinking about the task that they were performing (they were given examples of 'where is the target letter?' and 'oops I've pressed the wrong button'), and to press Z if they were thinking about something unrelated to the task at hand. Participants who pressed Z were then asked whether their thought was positive, negative, or neutral. Very few participants reported positive or negative thoughts, so this measure was not used in any subsequent analyses. Thus, our measure of task-unrelated thoughts reflects only the proportion of probes to which participants reported task-unrelated versus task-related thoughts.

Statistical analysis
--------------------

For both tasks, differences between the conditions were analysed using Frequentist and Bayesian methods. Frequentist statistical analyses were performed in SPSS 22.0 (IBM Comp, Armonk, NY), whilst Bayesian analyses were performed in JASP (version 0.7.5.5), employing the default prior, as in previous reports ([@nsx007-B41]). Both Frequentist and Bayesian repeated-measured analyses of variance (ANOVAs) were constructed to examine how sham or real tDCS affected accuracy and reaction times for each of the six emotion types (for the emotion task) or the two distraction conditions (for the distraction task). We initially included order as a between-subjects factor in all models, and removed it if there was no significant effect of order or any interactions in the Frequentist analyses, or if the model evidence did not support its inclusion in the Bayesian analyses.

Frequentist ANOVAs were used to generate F-statistics and p-values, while Bayesian ANOVAs were used to generate (natural) log Bayes factors (logBF~10~). In JASP, Bayesian ANOVAs are constructed hierarchically, allowing one to calculate the evidence supporting the inclusion of specific factors in the model. In every report of a logBF~10~ statistic, this refers to the evidence for a model containing the relevant main effect(s) (and interactions, where appropriate), relative to a null model. Positive logBF~10~ values indicate evidence in favour of the specified model, while negative values indicate evidence in favour of the null model. Following the convention of Jeffreys ([@nsx007-B27]), we assigned descriptive labels to the magnitudes of (non-log) Bayes factors to aid interpretation: substantial (3--10), strong (10--32), very strong (32-100), and decisive (\>100). Where appropriate we additionally report the ratio of Bayes factor scores between models of interest, which can be interpreted as the evidence in favour of one model relative to the other model.

Finally, in the subgroup of participants who completed both tasks, we calculated a measure of the degree to which distractibility (measured by reaction time) was altered by tDCS as:"\[distractor condition (real tDCS) -- no distractor condition (real tDCS)\] --\[distractor condition (sham tDCS) -- no distractor condition (sham tDCS)\]"

We correlated this tDCS-induced distractibility measure with tDCS-induced changes in reaction times on the emotion identification task, using Pearson's correlation coefficients (and the equivalent analysis in JASP).

Power analysis
--------------

In the emotion task, with 73 participants, we had \>99% power to detect an effect size of d = 0.5 at α = 0.05 (2-tailed); a recent meta-analysis of anodal DLPFC tDCS for depression reported a mean effect size of d = 0.49 ([@nsx007-B11]). In the distractibility task, with 31 subjects, we had 86% power to detect a true association of *r *=* *0.5 at α = 0.05 (2-tailed).

Results
=======

Common side-effects of tDCS were recorded for both real and sham tDCS sessions, including itching, burning, and tingling. These effects were no more common under active tDCS than sham stimulation (for a full list of reported side-effects, see [Table 1](#nsx007-T1){ref-type="table"}). Table 1.Side effects reported by participants during real and sham stimulation% ReportingReal tDCS (%)Sham tDCS (%)Headache77Neck pain45Scalp pain99Tingling3735Itching3731Burning sensation1717Skin redness95Sleepiness2428Trouble concentrating1727Acute mood change89Others14[^1]

Emotion identification task
---------------------------

For the reaction time analysis, there was a significant stimulation-by-order interaction (*F*(1,71)=26.39, *p *\<* *0.001), representing a practice effect by which participants responded faster on the second testing session, and the evidence for models incorporating the stimulation-by-order interaction was higher than for those without. Therefore order (and where relevant the stimulation-by-order interaction) was retained in both Frequentist and Bayesian reaction time models.

For the accuracy analysis, order of stimulation was removed since no significant interaction between order and stimulation condition was found (Frequentist analyses), and the evidence for models incorporating order was lower than for those without (Bayesian analyses).

### Effect of tDCS and emotion on reaction times

The analyses below were performed using reaction time data for correct responses only, but the results were similar when including all responses (data not shown).

Participants responded significantly more slowly under tDCS (*F*(1,71)=6.02, *p *=* *0.017), which was confirmed by the Bayesian analysis (logBF~10 ~=~ ~27.20 for the model including stimulation, order and their interaction).

Reaction times were significantly affected by emotional valence (*F*(5,355)=7.4, *p *\<* *0.001; log BF~10 ~=~ ~7.99 for the model including emotion and order), with happy, sad, and surprise eliciting shorter reaction times than fear, anger, and disgust ([Figure 3a](#nsx007-F3){ref-type="fig"}). Paired contrasts revealed that reaction times to angry faces were significantly longer than to happy (*t*(72)=3.98, *p *\<* *0.001), sad (*t*(72)=3.29, *p *=* *0.002), and surprised faces (*t*(72)=5.80, *p *\<* *0.001), but not fearful (*t*(72)=1.29, *p *=* *0.201) or disgusted (*t*(72)=1.63, *p *=* *0.108); while disgusted faces were identified significantly more slowly than happy (*t*(72)=2.82, *p *=* *0.006) and surprised faces (*t*(72)=3.97, *p *\<* *0.001) (but not fearful (*t*(72)=-0.18, *p *=* *0.862) or sad (*t*(72)=1.35, *p *=* *0.182)). Additionally, fearful faces were identified significantly more slowly than happy (*t*(72)=2.40, *p *\<* *0.019) and surprised faces (*t*(72)=3.94, *p *\<* *0.001) (but not sad (*t*(72)=1.40, *p *=* *0.166)), and sad faces were identified significantly more slowly than surprised faces (*t*(72)=2.68, *p = *0.009).

![Behaviour on the emotion task. (**a**) Mean reaction times by emotion category. Sham stimulation (light grey bars), was associated with shorter reaction times across all emotions on average than anodal tDCS stimulation (dark grey bars) (*P *=* *0.017). **(b)** Mean percent accuracy by emotion category. There was no significant difference in accuracy between sham stimulation and anodal tDCS stimulation. Error bars represent standard errors of the mean.](nsx007f3){#nsx007-F3}

There was no interaction between stimulation and emotion type on reaction times (*F*(5,355)=0.26, *p *=* *0.93). Bayesian analysis revealed that the model containing main effects of stimulation, emotion and order, the stimulation-by-emotion interaction, and the stimulation-by-order interaction (logBF~10 ~=~ ~30.90) scored 266 times (decisively) worse than the winning model (logBF~10 ~=~ ~36.57), which incorporated only the above main effects and the stimulation-by-order interaction.

### Effect of tDCS and emotion on accuracy

We did not find a significant main effect of stimulation on accuracy (*F*(1,72)=1.62, *p *=* *0.21), which was confirmed by the Bayesian analysis (logBF~10~=-2.37 for the model only including stimulation, indicating strong evidence in favour of the null).

Accuracy depended significantly on emotion (*F*(5,360)=31.95, *p *\<* *0.001), which was corroborated by the Bayesian analysis (logBF~10 ~=~ ~106.43 for the model only including emotion, indicating decisive evidence, [Figure 3b](#nsx007-F3){ref-type="fig"}). Accuracy was higher for identifying happy, sad, and surprised faces, and lower for identifying fearful, angry, and disgusted faces. Paired contrasts revealed that fear was identified significantly less accurately than all other emotions: anger (*t*(72)=4.48, *p *\<* *0.001), disgust (*t*(72)=6.70, *p *\<* *0.001), happy (*t*(72)=8.68, *p *\<* *0.001), sad (*t*(72)=8.30, *p *\<* *0.001), and surprise (*t*(72)=7.59, *p *\<* *0.001). Anger was also identified significantly less accurately than: disgust (*t*(72)=3.87, *p *\<* *0.001), sad (*t*(72)=5.76, *p *\<* *0.001), happy (*t*(72)=6.58, *p *\<* *0.001) and surprise (*t*(72)=5.84, *p *\<* *0.001). Disgust was identified significantly less accurately than happy (*t*(72)=2.67, *p *=* *0.009), but not sad (*t*(72)=1.07, *p *=* *0.290) or surprise (*t*(72)=0.91, *p *=* *0.367); while happy was identified significantly more accurately than surprise (*t*(72)=2.1, *p *=* *0.039), but not sad (*t*(72)=1.86, *p *=* *0.068).

We did not find a significant stimulation-by-emotion interaction (*F*(1,72)=1.33, *p *=* *0.25). Bayes factor analysis revealed that the full model including both main effects and the stimulation-by-emotion interaction (logBF~10 ~=~ ~99.12) scored 1,468 times (decisively) worse than the winning model, which contained only the effect of emotion.

The slowing effect of tDCS on emotional face identification did not correlate with either the severity or frequency of side effects, using both Frequentist and Bayesian correlation analyses. In both cases, we calculated the difference in severity and number of side effects between active and sham conditions, and tested its association with the slowing effet of tDCS on emotional face identification (severity: Pearson's *r*(45)=0.051, p = 0.737, logBF~10~=-0.707; frequency: *r*(45) =0.205, p = 0.178, logBF~10~=-0.349). These correlations were only performed in the subset of participants who completed a systematic side-effects questionnaire ([@nsx007-B9]); 30 participants were not included in this analysis because we only recorded spontaneous reports of side-effects in that subset.

Distraction task
----------------

There was a significant stimulation-by-order interaction for both reaction time (*F*(1,29)=12.33, *p *=* *0.001) and accuracy (*F*(1,29)=10.04, *p *=* *0.004). These results represent practice effects by which participants performed faster and more accurately on the second testing session. Additionally, the evidence for models incorporating the stimulation-by-order interaction was higher than for those without. Therefore order (and where relevant the stimulation-by-order interaction) was retained in both Frequentist and Bayesian models.

Task-unrelated thought (TUT) responses had a highly skewed distribution, so we employed a non-parametric Wilcoxon Signed-Ranks Test. This showed that task-unrelated thoughts increased under real stimulation relative to sham, though this effect narrowly missed statistical significance (*Z *=* *1.84, *p *=* *0.067).

### Effect of tDCS and distraction on reaction times

As expected, distraction significantly slowed responses (*F*(1,29)=65.6, *p \< *0.001; [Figure 4a](#nsx007-F4){ref-type="fig"}). There was no main effect of stimulation on reaction times (*F*(1,29)=0.059, *p *=* *0.81), and no interaction between stimulation and distraction condition (*F*(1,29)=0.35, *p *=* *0.56). By contrast, in the Bayesian analyses, the winning model contained main effects of distraction, stimulation and order, and the stimulation-by-order interaction (logBF~10 ~=~ ~23.46), which scored 257 times (decisively) better than the model containing only the main effects of distraction and order (logBF~10 ~=~ ~17.91). The apparent discrepancy between the Frequentist and Bayesian analyses here likely arises due to the inclusion of the term representing the practice effect (stimulation-by-order interaction), which adds substantial explanatory power to the more complex model. We additionally examined whether subjective ratings of mind-wandering were associated with slower reaction times in the distractor condition, but could not confirm this hypothesis using either Frequentist or Bayesian analyses (for real stimulation: r(31)=0.037, p = 0.903, logBF10=-1.480; for sham stimulation: r(31)=-0.023, p = 0.842, logBF10=-1.492).

![Behaviour on the distraction task. (**a**) The effects of tDCS and distraction condition on reaction times. As expected, the condition with distractors elicited significantly slower responses (\**p *\<* *0.001), but there was no significant effect of tDCS on reaction times. (**b**) The effects of tDCS and distraction condition on accuracy. The presence of distractors decreased accuracy (\**P *=* *0.027), and accuracy was higher in the anodal tDCS (dark grey bars) condition than in the sham (light grey bars) condition (\**P *=* *0.011), but the interaction was non-significant. Error bars represent standard errors of the mean.](nsx007f4){#nsx007-F4}

### Effect of tDCS and distraction on accuracy

tDCS significantly improved overall accuracy compared with sham stimulation (*F*(1,29)=7.30, *p *=* *0.011, [Figure 4b](#nsx007-F4){ref-type="fig"}), and distraction significantly impaired accuracy (*F*(1,29)=5.46, *p *=* *0.027). No significant interaction was found between stimulation and distraction condition (*F*(1,29)=0.92, *p *=* *0.345, [Figure 4b](#nsx007-F4){ref-type="fig"}). The winning Bayesian model contained main effects of distraction condition, stimulation and order, and the stimulation-by-order interaction (logBF~10 ~=~ ~2.75, strong evidence), which scored 23 times (strongly) better than the model containing only the main effects of distraction and order (logBF~10~=-0.39).

### Relationship between distractibility and emotion identification latency

We calculated a variable reflecting the effect of anodal tDCS on distractibility as assessed by reaction times (RTs). This was essentially the interaction effect between distractibility and tDCS: distractibility (distractor -- no distractor condition RT) under real tDCS minus distractibility (distractor -- no distractor condition RT) under sham tDCS. This enabled us to test whether the effect of tDCS on lengthening reaction times on the emotional face identification task was driven by its effect on distractibility. We found that the extent to which tDCS slowed responses to emotional faces correlated positively with the increase in distractibility under tDCS (*r *=* *0.37, *p *=* *0.043; [Figure 5](#nsx007-F5){ref-type="fig"}). However, this was not unambiguously confirmed by the Bayesian analysis (log BF~10 ~=~ ~0.47, inconclusive evidence).

![Relationship between tDCS effects on latency to identify emotional faces and distractibility. There was a positive relationship between increased distractibility (the increase in reaction time in the distractor condition, relative to the no-distractor condition, on the distractibility task) under tDCS, and increased reaction times on the emotional faces task under tDCS. \**P *=* *0.043.](nsx007f5){#nsx007-F5}

Discussion
==========

The main aim of this experiment was to test whether DLPFC tDCS affected hot and cold cognitive processing. We first investigated whether anodal DLPFC tDCS had acute effects on emotion identification. We hypothesized that tDCS might have an effect similar to antidepressant drugs, improving or speeding responses to positively-valenced faces, and/or impairing or slowing responses to negatively-valenced faces. We did not find this predicted interaction in either reaction times or accuracy scores. Instead, we identified a significant slowing of responses by tDCS on average across all emotional conditions; and using Bayes factor analysis, we found decisive evidence against an interaction between tDCS and emotion.

This suggests that tDCS did not have a valence-specific effect on emotional face identification. Additionally, we did not identify a corresponding improvement in accuracy (i.e., a speed/accuracy trade-off) as a result of tDCS; in other words, participants became slower, but not better, at categorizing faces. Instead, this pattern of results indicates that tDCS has an effect on emotional deliberation, possibly making participants more uncertain about what emotional category a face belongs to.

In a subset of our participants, we tested a specific hypothesis that anodal DLPFC tDCS has an effect on distraction, using a task with the ability to index distractibility during real and sham tDCS sessions. We found preliminary results indicating that those participants whose distractibility increased most under tDCS were also those who showed an increased latency in the emotion identification task under tDCS (though we note that this could not be confirmed using Bayesian statistics). This task, which has previously been shown to correlate with internal distraction from mind-wandering ([@nsx007-B16]), also enabled us to test the basic effect of tDCS on distractibility with somewhat surprising results. We found that overall accuracy increased significantly under anodal tDCS, but that distractibility itself was not affected, which was confirmed by Bayesian analysis. Significantly improved accuracy under anodal tDCS is consistent with the finding that anodal tDCS over the frontal cortex increases alertness ([@nsx007-B12]), perhaps by enhancing vigilance ([@nsx007-B34]). However, it should be noted that the behavioural effects of tDCS vary substantially between studies ([@nsx007-B49]), causing some authors to cast doubt on the effects of tDCS on cognition altogether ([@nsx007-B24]).

Relationship to mind-wandering in depression
--------------------------------------------

Our findings suggest that tDCS does not instantiate a positive emotional bias in emotion identification, unlike antidepressant medication . Instead, our findings implicate cold cognitive processes in the acute effects of tDCS. The possibility that attentional mechanisms, such as distractibility, might mediate the effects of tDCS has particular implications for treating attentional symptoms of depression. Two previous studies reported increased mind-wandering (task-unrelated thoughts) under anodal tDCS of the DLPFC ([@nsx007-B3]) and left PFC ([@nsx007-B28]), although in our study this effect narrowly missed statistical significance. However, the relationship between the recently-described effect of tDCS on self-reported mind-wandering ([@nsx007-B3]) and its putative antidepressant effects has so far been unexplored. Some studies have supported the notion that negative mood increases task-unrelated thoughts ([@nsx007-B47]), enhancing focus on task-irrelevant personal concerns; indeed, mind-wandering has even been suggested as a marker for ruminative thinking ([@nsx007-B47]). Yet there seems to be an inherent contradiction in the notion that mind-wandering is increased in depression ([@nsx007-B47]), that tDCS increases mind-wandering ([@nsx007-B3]), and that tDCS is an effective treatment for depression ([@nsx007-B45]).

One possible resolution to this apparent contradiction lies in whether mind-wandering is truly a unidimensional phenomenon. While mind-wandering is typically measured in a binary way (e.g., 'Have you had any task-unrelated thoughts?'), it is much more likely that factors such as the valence of mind-wandering or *when* the mind wanders affect the subjective experience. For example, if mind-wandering occurs in a distressing environment, or while trapped in a train of negative thought, then it may be adaptive and useful. This idea is supported by a finding that mind-wandering itself does not precede the onset of depressive thoughts (though the inverse is true): only affectively negative mind-wandering has mood dampening effects ([@nsx007-B38]). Since we did not test depressed patients, our study cannot address whether the tendency of tDCS to increase mind-wandering is related to its putative antidepressant effects. It will be important to test this hypothesis in future studies.

Limitations
-----------

Two important caveats to our results bear mentioning: first, the reaction time measurement in this task involved a fairly complex motor action (moving the mouse to click), and may differ substantially from more typical (highly speeded) reaction time measurements. This limits our ability to draw parallels with other reaction time tasks, though would not affect the differences we report between sham and anodal stimulation. Additionally, although we employ a typical tDCS montage used in depression (anodal left DLPFC stimulation), we specifically recruited healthy controls. It would be essential to replicate these findings in a depressed sample to make stronger conclusions about the role of cold cognition and distractibility in tDCS for depression. We also note that, while our finding of a lack of emotional bias induced by tDCS was robust, the observed relationship between slowing of emotional identification and distractibility was weak and should be interpreted with caution. In particular, we cannot rule out the possibility that the latter correlation might reflect a generic disruptive effect of tDCS on the demanding aspects of cognitive and emotional tasks, which requires testing in future studies.

Conclusion
==========

Few previous studies have investigated the effects of tDCS on hot and cold cognition, though both are thought to contribute to the pathogenesis of depression ([@nsx007-B1]), and are associated with response to antidepressant medication ([@nsx007-B39]). We show that a tDCS montage commonly used in depression trials does not affect hot cognition, but may slow emotion identification by increasing distractibility. This finding suggests that the antidepressant effects of tDCS may result from different cognitive mechanisms than antidepressant medication.
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[^1]: "Others" included abnormal metallic taste (reported during sham), and numbness in the contralateral side of the face (reported during real).
